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New protein sequences are deposited in databases at an accel-­
erating pace; however, many of these are homologous to known 
proteins and could be considered redundant. If all historical 
releases of the protein database are analysed using the origi-­
nal sequence-­clustering procedure described here, the fraction 
of newly sequenced proteins that are redundant is increasing. 
We interpret this as an indication that the sequencing of the 
Earth’s proteome—the complete set of proteins on Earth—is 
approaching completion. We estimate the approximate size of 
the Earth’s proteome to be 5 million sequences, most of which 
will be identified during the next 5 years. As the Earth’s proteome 
nears completion, cluster analysis of the protein database will 
become essential to identify under-explored taxa to which future 
sequencing efforts should be directed and to focus research on 
protein families without experimental characterization.
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project; database annotation; phylogenetic analysis
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Introduction 
The collection of new protein sequence information from any organ-
ism increases our understanding of the biology of that organism and 
of all organisms bearing evolutionarily related protein sequences. It 
is therefore useful to sequence and annotate as many different pro-
tein sequences as possible. This is beneficial to all methodologies 
and fields of research that take advantage of large numbers of pro-
tein sequences to provide a better understanding of biology, such as 
evolutionary biology (Pace, 1997), phylogenetic profiling (Huynen 
& Bork, 1998) and industrial biocatalysis (Schmid et al, 2001). The 
completion of the Earth’s proteome—determining the set of dis-
tinct protein sequences from all of Earth’s organisms—is a desirable 
objective that involves a significant part of the scientific community.

Today, most protein sequences are inferred from gene sequences 
obtained with DNA-sequencing technologies. These technologies are 

rapidly evolving towards faster and cheaper methods to, for exam-
ple, sequence individual genes (Sanger, 2001), obtain expressed 
sequence tag (EST) libraries from organisms (Adams et al, 1992), 
sequence entire genomes—providing the complete repertoire of gene 
functions of an organism (Koonin & Mushegian, 1996)—or sequence 
DNA from environmental samples (Rondon et al, 2000; Tyson et al, 
2004; Venter et al, 2004; Yooseph et al, 2007). Consequently, the rate 
of deposition of protein sequences has accelerated (Fig 1) and the 
largest databases such as Entrez (Wheeler et al, 2007) and UniProt 
(Bairoch et al, 2007) now contain millions of sequences.

To sequence the Earth’s proteome completely could seem 
an impossible task, as the number of species is estimated to be 
in the order of millions (Torsvik et al, 2002). It is likely that the 
rate of production of new gene sequences in nature exceeds any 
practically achievable sequencing rate. For example, it has been 
estimated that every gene broadly shared by the prokaryotic 
population would suffer a mutation somewhere on Earth in a time
scale of minutes (Whitman et al, 1998). However, it is obvious 
that not all of the differences between similar protein sequences 
have equal biological significance. Indeed, a cursory observation 
of the protein sequence databases shows that they contain many 
sequences that are similar to each other. Many of those are ver-
sions of the same protein obtained from phylogenetically related 
species and probably perform equivalent functions (Fitch, 1970).

In this article, we explore the concept that by sorting all known 
protein sequences into groups of sequences similar over their full 
length, it is possible to estimate the number of distinct protein func-
tions within already sequenced proteins. Then, assuming that the 
number of total protein functions on Earth does not vary appreciably 
on a scale of years, we hypothesize that completion of the Earth’s 
proteome would be reached in practical terms when any newly 
sequenced protein is already represented in the database by another 
functionally equivalent protein. 

In 2001, Vitkup and colleagues (Vitkup et al, 2001) proposed that, 
as more genomes are sequenced, additional sequencing will even-
tually result in proteins that are increasingly redundant to known 
proteins. In this Concept, we explore the idea that such an increas-
ing trend in the redundancy of the sequences added to the database 
might be used to infer the size of the Earth’s proteome and the time 
needed to fully sequence it. Two recent studies concluded that such 
an increase in redundancy is not yet happening. Marsden and co-
workers analysed the increase in protein clusters using 169 com-
plete genomes available in 2005 (Marsden et al, 2006). They plotted 
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the number of protein clusters in the cumulative set of proteins 
formed by the first n genomes sequenced. Their conclusion was that 
the number of known protein clusters was at the time continuously 
expanding. However, they did not take into account the variable 
timescale on which these genomes were sequenced. More recently, 
Raes et al simulated the growth in number of protein clusters when 
proteins from a pool of more than 2 million sequences—all proteins 
from complete genomes and proteins deduced from four large sets 
of environmental samples—are successively taken at random (Raes 
et al, 2007). Again, their conclusion was that clusters grow linearly 
as more proteins are sequenced. Neither of these studies considered 
the real-time evolution of the complete protein sequence database. 
There are good reasons for this, as both groups used variations of the 
Markov cluster algorithm that required an ‘all against all’ sequence 
comparison computationally unfeasible to run on all versions of the 
protein database. 

In our opinion, a realistic analysis of the sequencing trends 
requires the study of the complete protein data set, including not only 
the current version, but all its historical versions. In this Concept, we 
explore a pragmatic clustering that compares only proteins of similar 
length—under the assumption that proteins of very different length 
will have different functions—thus reducing enormously the amount 
of computation required. This clustering method has been specifi-
cally produced for the purposes of this analysis, which is to study 
the evolution of the database and not to produce inclusive clusters. 
This method shows the increase in redundancy of newly produced 
sequences and allows us to make the first estimate of the total of 

protein functions on Earth. In addition, this clustered representation 
of the protein database can be used to direct the sequencing of new 
genomes and to focus experimentation on large uncharacterized 
protein families.

Status of the completion of the Earth’s proteome
An original sequence clustering algorithm was used (see supple-
mentary Methods section online) to study the evolution of the 
protein database along time. If SwissProt—the oldest actively 
maintained protein database (Bairoch & Boeckmann, 1991)—is 
analysed, one can see that whereas the number of its sequences 
has increased at an accelerating pace since 1995, when the first 
genome projects started (Fleischmann et al, 1995; Fraser et al, 
1995), redundancy also increased and is now at a level of 3.5 
sequences per cluster in SwissProt v52 (October 2006; Fig 1A). 
A similar trend can be observed in the less curated but larger 
UniRef100 (UniProt Reference Clusters) database (Suzek et al, 
2007). Fig 1B represents the number of sequences and clusters, as 
well as the percentage of sequences added between consecutive 
versions of this database that cluster with some sequence of the 
previous database version—and therefore could be considered to 
represent proteins redundant with known proteins. For example, 
73% of all sequences added to the UniRef100 database between 
releases 9.0 (October 2006) and 10.0 (February 2007) clustered 
with previously deposited sequences. Following the hypotheses 
presented above, it is reasonable to assume that, as completion of 
the Earth’s proteome approaches, the fraction of new sequences 
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Fig 1 | Analysis of sequencing trends. (A) Historical evolution of the SwissProt database. Filled diamonds represent the number of sequences and open diamonds 

represent the number of sequence clusters. The continuous line is the database redundancy, which is calculated as sequences divided by clusters. Although 

sequences are added at increasing speed, the number of clusters increases linearly. As a result, the database redundancy increases. (B) Extrapolation of sequencing 

trends in UniRef100. Filled diamonds represent the number of sequences in UniRef100, open diamonds represent the number of sequence clusters (the cluster 

data can be adjusted to a line) and open circles represent the percentage of sequences new to a version of UniRef100 that clustered with sequences present in the 

previous version of the database. The redundancy data can be adjusted to an asymptotic function of the form g(x) = 56 × (1 – exp(bx)) + 44 for b = –0.0235735, 

where x is the number of months since release of UniRef100 version 1 (December 2003). Redundancy of new sequences at 95% is expected for the year 2012, and at 

99% for 2018. A high estimate of 5 million sequences is proposed as the size of the Earth’s proteome, assuming that the discovery of new protein clusters will start 

to slow (discontinuous line with a question mark).
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redundant to known proteins will asymptotically approach 100%. 
Assuming that the current trends of new sequence deposition 
continue, it is possible to adjust the historical percentages of 
redundant proteins to a time-dependent asymptotic function and 
estimate that, by 2012, 95% of the sequences added to the data-
base would be redundant to those already in the database (Fig 1B). 
The number of clusters (distinct proteins) is now growing linearly, 
suggesting a total of 6 million clusters for 2017. However, it is 
reasonable to assume that this growth will decrease and a value of 
5 million for the total number of distinct proteins on Earth is pro-
posed here as a high estimate. On the basis of this, approximately 
32% of all distinct proteins on Earth are already known.

Examination of sequencing coverage by taxa
These results suggest that the sequences of the majority of proteins on 
Earth will be obtained in the next 5 years. But is this a reasonable pre-
diction? On the one hand, the production of sequences will proba-
bly keep growing as it has been doing in recent history (Fig 1); on the 
other hand, obtaining biological sources of the remaining unknown 
sequences will be increasingly difficult. This is becoming evident 
for prokaryotes, as there are many species that cannot currently be 
cultured or might live in environments difficult to access or even to 
imagine. The technical difficulties of obtaining novel samples can be 
solved with imaginative approaches—such as PCR amplification of 
genomes from single cells (Ottesen et al, 2006). However, current 
protein sequence data must be examined to determine branches of 
the taxonomic tree likely to contain organisms that have proteins 
with functions not yet represented in the proteome. This Concept 
proposes a clustering method and a protein cluster database that 
can be used to identify such under-explored taxa. For each cluster, 
the taxon common to all lineages of the sequences in that cluster 
is computed. Then, the sizes of the clusters from particular taxa can 
be studied. Well-explored taxa tend to have clusters with many pro-
teins, as sequencing from related organisms produces similar ver-
sions of the same protein—for example, several Mycobacterium 
species have now been sequenced—whereas under-explored taxa 
have clusters with average sizes closer to one.

An overview of the current taxa distribution for the 1.35 million 
clusters obtained from UniRef100 (release 8.5, September 2006) is 
represented in Fig 2, in which the boxes represent taxa, the number 
of associated clusters is represented by box size, and the average 
number of sequences per cluster is represented by colour intensity. 
The complete data are provided in Table S1 available at: http:// 
www.ogic.ca/projects/clusters/sorted_allcluster_taxonomy_8.5.zip. 
By kingdom, the number of eukaryotic clusters (688,850) is slightly 
larger than that of bacterial clusters (543,178), with a minor contri-
bution from archaeal ones (31,329). Visual inspection of Fig 2 shows 
a smaller number of larger partitions for Eukaryota than for bacteria, 
reflecting the fact that fewer eukaryotic organisms have been 
sequenced but that their genomes are evidently larger. The average 
size of the eukaryote-specific clusters—1.38 million sequences for 
0.69 million clusters, two sequences per cluster—is slightly lower 
than that for bacteria-specific genes—1.2 million sequences for 0.54 
million clusters, 2.4 sequences per cluster—indicating the higher 
level of sequencing coverage reached for prokaryotic organisms. The 
low level of sequencing for archaeal organisms is reflected in both 
the small number of sequences in the database, and in the small 
average size for archaea-specific clusters—1.54 sequences per clus-
ter. This confirms that the archaeal kingdom is largely unexplored. 

Within each kingdom, the large variability in average cluster size 
across the different taxa indicates that some taxa are much better 
explored—for example, Mammalia has 1.71 sequences per cluster, 
and Bacilli has 1.91—than others—such as Alveolata, which has 
1.29, Echinodermata, 1.08 or Deltaproteobacteria, 1.17. These data 
indicate directions for future sequencing efforts that might yield high 
proportions of new protein functions.

The annotation of the Earth’s proteome
The sequencing of the Earth’s proteome can be viewed as a glo-
bal genome-sequencing project. An important and challenging 
part of any genome-sequencing project is the characterization of 
the encoded proteins (Casari et al, 1995) and, in this respect, the 
Earth’s proteome is the same. Many large-scale efforts are ongoing 
to assess protein structure (‘structural proteomics’; Gaasterland, 
1998), functional domains (Finn et al, 2006; Letunic et al, 2006) 
and function (‘functional proteomics’; Adam et al, 2002); and 
many genes have already been characterized experimentally to 
some degree as described in the biomedical literature (MEDLINE; 
Wheeler et al, 2007). The clustered database described above can 
be used to assess and focus the progress of the annotation of the 
Earth’s proteome in all of these categories. Each protein in the 
UniRef database might have associated information on structure 
(by links to the Protein Data Bank database), bibliography (by links 
to MEDLINE), function (through controlled vocabulary annota-
tions like Gene Ontology terms) and domains (by links to the Pfam 
domain database). For each of these properties, the fraction of 
annotated proteins in the database gives a sense of the progress in 
completing the annotation for that type of information (column 1 
in Table 1). The assumption that sequences clustered by full-length 
similarity are mutually characterized by any of the members of 
the cluster is at the basis of most of the use of bioinformatics by 
the biomedical community (Perez-Iratxeta et al, 2007). Therefore, 
the number of clusters with annotated members gives insight into 
the usefulness of annotations in characterizing the proteome (col-
umn 2 in Table 1). For example, it is generally more informative 
to know the structure of two proteins in different clusters than to 
know two structures corresponding to two proteins in the same 
cluster. Finally, the characterization of sequences from clusters that 
are large is preferred because they are more likely to add informa-
tion about a larger number of organisms and therefore give broader 
biological insight. Thus, a third measure of annotation thorough-
ness is the number of proteins in the clusters that have at least one 
annotated sequence (column 3 in Table 1).

The analysis of the annotation pooled by cluster can be used in 
combination with the taxonomic distribution of their members to 
identify large clusters without an experimentally characterized mem-
ber but with interesting taxonomic patterns. As a proof of concept, 
a web query tool to retrieve clusters by taxonomic and annotation 
properties has been implemented (available as supplementary infor-
mation online). Using this system, it is possible to deduce that 219 
clusters include members from Homo sapiens, Mus musculus, Danio 
rerio, Xenopus laevis, Drosophila melanogaster and Caenorhabditis 
elegans, of which five have neither literature nor protein domain 
annotations. One such example is depicted in Fig 3. 

As stated above, a high fraction of clusters are annotated with 
some domain information; however, this information describes 
only a fragment of the protein sequence. What about the coverage 
in terms of protein length? The analysis presented here—available 
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in full in the supplementary Methods section online—indicates that 
although 53% of the cluster representatives, with an average length 
of 392 amino acids (aa), have some domain information, only 32% 
of their aggregate sequence length is covered by these domains 

at present. That is, 168 million of 531 million aa matched to Pfam 
domains, with an average length of 160 aa and a total number of 
1 million matches to 8,200 different Pfam domains. One reason for 
this is that not all domains have yet been defined. Also, large parts 

Fig 2 | Taxonomic distribution of all protein clusters from UniRef100. Treemap visualization (Shneiderman, 1992) of the taxonomic distribution of the 1.35 

million clusters obtained by clustering UniRef100 release 8.5 (September 2006). The size of the boxes is proportional to the number of clusters at that taxonomic 

node; the colour intensity indicates the average cluster size (from 1, white, to 20, dark green, in a logarithmic scale). The treemap was generated from the full list 

of all clusters. For each cluster, the most general taxonomic node in common was identified. The aggregate number of nodes was then calculated for each 

position in the taxonomic tree. The 1,000 taxonomic nodes with the highest cumulative count—all clusters at that node and below—were selected for 

representation on the treemap. To simplify the diagram, only those taxonomic nodes that were 90% smaller than their closest represented ancestor node were 

shown. The resulting set of taxonomic nodes was rendered using a modified version of Treemap-0.2. To emphasize interesting features of the diagram, labels 

were added manually. A similar graph is available online from http://www.ogic.ca/projects/clusters/ in which taxa labels can be observed by mouse hovering, and 

boxes are linked to the corresponding taxonomic database entry at the National Center for Biotechnology Information. All underlying data are provided in 

Table S1 available at: http://www.ogic.ca/projects/clusters/sorted_allcluster_taxonomy_8.5.zip.
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of protein sequences are not amenable to definition in terms of evo-
lutionarily conserved domains because they bear no evolutionary 
pressure for sequence conservation, which is generally due to the 
absence of strong structural constraints on their sequences, such as 
coiled coils, transmembrane helices and low-complexity regions. 
Our estimation is that only 53%—281 million of 531 million aa—
of the aggregated sequence of the cluster representatives might be 
amenable to definition by homology to conserved domains. This fig-
ure agrees well with previous predictions (Wootton, 1994). Thus, the 
total sequence length that is now covered by homology to domains 
is 60% of the total sequence that could possibly be covered.

Following our previous conjecture, assuming the estimated value 
of 5 million for the total number of distinct proteins in the Earth’s pro-
teome, an approximate total length of the Earth’s proteins covered by 
structural domains would be 1,039 million aa (that is, 5 million pro-
teins x 392 aa average length x 53% of sequence covered by con-
served domains). This would correspond to approximately 6.5 million 
instances of domains (that is, 1,039 million aa/160 aa per domain), 
which is 6.5 times the current amount. As of February 2007, there are 
approximately 8,200 domains in the Pfam database. Assuming that 
the current distribution of domain occupancy (supplementary Fig S1 
online) scales up with further domain characterization, the total 
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Fig 3 | Sequence alignment of members of cluster UniRef100_Q28WW9. The cluster UniRef100_Q28WW9 contains 32 proteins including the products of human 

C4orf34, mouse 1110003E01Rik and fruit fly AT28250p hypothetical genes, as well as proteins from other metazoa. A PSI-BLAST search of the NCBI’s protein 

database using the UniRef100_Q28WW9 sequence (cluster leader, from Drosophila pseudoobscura) converged to a similar set of sequences. The 32 members of cluster 

UniRef100_Q28WW9 were aligned using ClustalW (Thompson et al, 1994). Matches to a transmembrane region (predicted using Phobius; Kall et al, 2004) and a 

carboxy-terminal proline-rich region (obtained using BiasViz; Huska et al, 2007) are indicated at the bottom with a blue and an orange bar, respectively. Conserved 

cysteines—indicated with red triangles—can be observed in the N-terminal region, whereas there are none in the C-terminal region. This suggests that the N terminus 

of the protein is extracellular and the C terminus cytoplasmic, a conclusion reached also by the Phobius server. Current versions of the databases (June 2007) did not 

include specific functional or bibliographic information for any member of this cluster. Thus, this family, which represents a small transmembrane protein conserved 

in metazoans, constitutes a potentially interesting target of experimental verification. NCBI, National Center for Biotechnology Information.

Table 1 | Protein annotation by feature in UniRef100 v8.5

Sequences Clusters Sequences in annotated clusters Seq./Clust. Gain

Three dimensional structure 10,707 (0.30%) 8,741 (0.65%) 217,399 (6.1%) 24.9 20.3

Bibliography 207,446 (5.8%) 106,334 (7.8%) 1,059,819 (30%) 10.0 5.1

Function 1,727,707 (48%) 498,124 (37%) 2,303,804 (65%) 4.6 1.33

Domain 2,523,240 (71%) 723,518 (53%) 2,661,121 (75%) 3.7 1.05

Total 3,562,626 1,354,861 3,562,626 2.6 1.00

Sequences: Protein sequences annotated. Clusters: Clusters containing at least one annotated protein (annotated clusters). Sequences in annotated clusters: Number of sequences in 
annotated clusters. Seq./Clust.: Average number of sequences in annotated clusters (column 3 divided by column 2). Gain: Absolute coverage gain by clustering (column 3 divided by 
column 1). All annotations are provided in Table S2 available at: http://www.ogic.ca/projects/clusters/uniref100_8_5_cluster_annotations.zip.
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number of domains in the Earth’s proteome could be estimated to be 
20,900 (supplementary Methods see online). By this estimate, the 
current number of domains in the Pfam domain database would be 
39% of the total protein domains on Earth.

Conclusion
We have expanded the idea that the discovery of protein families must 
slow down as sequence space coverage increases (Vitkup et al, 2001). 
Similar to previous studies (Marsden et al, 2006; Raes et al, 2007), we 
have analysed this trend assuming that clusters of similar sequences 
are good representatives of protein families. We note that any study 
in which proteins grouped by similarity are assumed to be somehow 
functionally equivalent is subject to some level of oversimplification. 
Some members of fast diverging protein families might be undetected 
by the clustering method, and the amount of mutations that can make 
two proteins different cannot be measured by percentage of identity, 
because that will depend on the functions under consideration and the 
particular mutations that occurred. However, in large-scale analyses 
such as the ones cited, simplifying assumptions are a necessary evil. In 
the study presented here, a clustering procedure tailored specifically 
for efficiency allowed us to study all historical versions of the com-
plete protein database and, thus, to observe a trend predicted in 2001 
(Vitkup et al, 2001) for the first time. We have adopted a conservative 
strategy in which the sequences clustered by similarity must have simi-
lar length and therefore the same domain organization. Although this 
approach implies that some very large clusters might be split, because 
these large clusters are extremely rare, this affects our conclusions 
only minimally. Another caveat is that we are assuming that current 
and historical sequencing rates can be extrapolated to the next few 
years, and this might not be the case. For example, new sequencing 
technologies might unexpectedly accelerate the production of new 
sequences, or new socio-economic factors could direct sequencing 
to particular environments and organisms. In summary, the large-scale 
analysis presented here is necessarily affected by a degree of computa-
tional uncertainty. However, we believe that these results will be cor-
rect to within an order of magnitude. In any case, we have presented a 
protocol that will allow refinement of these predictions as completion 
of the Earth’s proteome approaches.

The novel view of the protein data set through ‘full-length sim-
ilar’ clusters provides a method to monitor progress in sequenc-
ing and annotation. This allows not only the estimation of the 
number of proteins on Earth and the time that will be required to 
discover them, but also a plan for future sequencing, experimen-
tal characterization, and annotation efforts. The analysis of pro-
tein annotations suggests that the methods used for annotation are 
conservative and infer annotations from a very small amount of 
experimental information. New strategies are necessary to derive 
experimental information from proteins selected according to the 
structure of the clustered database in order to optimally cover the 
largest uncharacterized families.

A close collaboration between computational biologists, engi-
neers—to develop novel sequencing technologies—and microbiol-
ogists—to hunt for the species that will close the gaps in the Earth’s 
proteome—will be required to take advantage of the information 
provided by this method. Such an effort will significantly hasten the 
sequencing and characterization of the Earth’s proteome.

Supplementary information is available at EMBO reports online 
(http://www.emboreports.org)
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